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A B S T R A C T
Vitusite glass–ceramic waste forms were developed and the local environments of the Nd3+ ions in the waste
forms were analyzed using extended X-ray absorption ﬁne structure (EXAFS) spectroscopy. A second shell was
observed in the Fourier transform (FT) of the EXAFS Nd LIII-edge spectra with the formation of vitusite crystals
in the glass matrix. This second shell was attributed to the presence of the Nd–P and Nd–Na ion pairs
constituting the vitusite crystal. The preferred incorporation of Nd3+, P5+, and Na+ inside the crystalline phases
surrounded by the glass matrix increased the chemical durability of the glass–ceramics.
1. Introduction
Pyro-processing technology is used to recover radioactive uranium
and trans-uranium elements from the spent fuels of pressurized water
reactors [1–3]. Several hazardous wastes are also produced during
pyro-processing that should be transformed into stable materials for
safe storage. The compositions of these wastes obtained after pyro-
processing signiﬁcantly diﬀer from those generated from commercial
nuclear power plants [4,5]. In particular, wastes resulting from the
electro-winning stage of the pyro-processing process consist of eight
rare earth (RE) oxides, primarily CeO2 and Nd2O3, which are unlike
any other waste obtained from nuclear reactors [4]. Therefore, speciﬁc
waste forms need to be developed to immobilize wastes containing high
concentrations of these rare-earth oxides.
Glass–ceramics (GCs) are polycrystalline materials produced
through carefully designed heat treatment techniques to control the
crystallization of the base glasses [6,7]. GCs consist of an amorphous
phase together with one or more pre-designed crystalline phases. GCs
are easier to fabricate than ceramics because of the requirement of
fewer processes such as pressing and sintering. Concentrations of RE
ions inside the crystalline phases are known to be much higher than
those in the glass matrix [6]. Therefore, GCs can be used as potential
hosts for immobilizing RE ions in the pyro-processing wastes. Among
several potential crystalline phases, the vitusite [Na3RE(PO4)2] crystal
oﬀers promising characteristics because it can accommodate a large
number of RE ions [8]. In addition, these GCs exhibit low volatilization
of major constituents, high waste loading, and high chemical durability
[8]. In fact, the chemical composition of the vitusite crystal suggests
that approximately 80 wt% of its crystalline phases can comprise RE
ions. Despite the signiﬁcant potential of vitusite in terms of storing
pyro-processing wastes, the local structure of RE ions in vitusite GCs
has not yet been clearly understood. In this study, we prepared vitusite
GCs and investigated the eﬀects of the heat treatment temperature on
the local structure of RE ions in the vitusite GCs to understand the
mechanism of RE dissolution inside the crystals.
2. Materials and methods
2.1. Materials preparation
In our previous study, CeO2 and Nd2O3 were used as representa-
tives of the eight RE oxide wastes generated in pyro-processing,
because these two components constitute 62 mol% of the total wastes
[8]. However, extended X-ray absorption ﬁne structure (EXAFS)
spectra from the Ce LIII edge (5730 eV) and the Nd LIII edge
(6208 eV) are diﬃcult to distinguish as these are observed at similar
energy ranges. Therefore, CeO2 was replaced by Nd2O3 in the present
study to simplify the analysis. A glass having a nominal composition
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(mol%) of 46.5SiO2–28.4Na2O–11.5B2O3–8.0Li2O–3.6Nd2O3–
5.4P2O5 was prepared. The ratio of RE to P was ﬁxed to be 1:1.5
based on the glass-forming ability and possible phase separation in
glasses containing large amount of P2O5 [8,9]. The precursors were
weighed and mixed in a miller for 5 h before melting in an alumina
crucible at 1300 °C for 30 min. The melt was quenched by pouring it
onto a brass mold, in air. The as-prepared bulk-glass samples were
then heat-treated at 600 °C or 800 °C for 3 h to precipitate vitusite
crystals based on the preliminary experiments.
2.2. X-ray diﬀraction (XRD) analyses
The GCs were ground to ﬁne powders using a mortar and pestle.
The powders were then used for recording XRD (RIGAKU, D/MAX-
2500) patterns. The X-ray source was Cu Kα (λ=0.1541 nm) with the
voltage and current of the generator as 40 kV and 100 mA, respectively.
Diﬀraction patterns were compared to those of the Joint Committee of
Powder Diﬀraction Standards database. For performing quantitative
phase analysis, we added 10 wt% of an internal standard (MgO) to the
specimen heat-treated at 800 °C. Diﬀraction patterns were recorded in
the 2θ range of 10–110° with a step size of 0.02 and a duration time of
2 s. The GSAS software [10] was used to reﬁne the XRD patterns and
calculate the phase fractions of the vitusite and amorphous phases.
2.3. EXAFS analysis
EXAFS measurements were conducted at the HF-XAFS (10C) beam
line at Pohang Light Source (PLS) at POSTECH, Korea. Two (111)
silicon crystal monochromators were positioned such that the incident
beam intensity would be maximized. They were further optimized to
reduce the spectra corresponding to the overtone of the crystals of the
monochromator that appear near the Nd LIII edge energy (6208 eV). A
slit size of 1.0×4.0 mm was used, and the detectors for the incident and
transmitted beams were ﬁlled with 100% He and 25 vol% N2/75 vol%
He, respectively. The amount of the powdered specimens spread on
adhesive tape was carefully adjusted to obtain a clear jump at the near-
edge energies. The EXAFS spectra from the specimens of the glass and
GCs were recorded in transmission mode. The absorption coeﬃcient, μ,
near the Nd LIII edge was calculated using Lambert's law [Eq. (1)] [11].
I I exp μx/ = ( − )t 0 (1)
where Io and It are the intensities of the incident and transmitted
beams, respectively and x corresponds to the thickness of the speci-
mens. The background of the spectrum was subtracted by a polynomial
ﬁtting of pre- and post-edge regions using the Athena program in the
IFFEFFIT software package [12], and the spectra were further normal-
ized in the energy range of 150–450 eV. The background parameter
(Rbkg) was set as 0.13 nm to remove the virtual spectra appearing
within 0.13 nm from the core atom following the general procedures
for the analysis of the EXAFS spectra [13–15]. Fourier transform (FT)
was performed using a Hanning window in a k-range of approximately
24–85 nm−1. ATOMS and FEFF programs in Artemis were employed
for obtaining structural information such as the eﬀective scattering
amplitudes, phase shifts, mean free paths, and the initial path lengths.
The global amplitude reduction factor was determined to be unity. All
the variables, such as the interatomic distance, the Debye–Waller
factor, and coordination number (CN), were kept ﬂoating during the
ﬁtting procedures for the ﬁrst peak (R range of 0.13–0.30 nm). For the
ﬁtting that included both the ﬁrst and second shells (R range of 0.13–
0.40 nm), it was necessary to consider three diﬀerent atomic pairs
(Nd–O, Nd–P, and Nd–Na). CNs were set ﬁrst based on the informa-
tion obtained from the Vesta; the interatomic distances and the Debye–
Waller factors remained as variables. The R-factor that quantiﬁed the
goodness-of-ﬁt was less than 0.03 for all ﬁts.
3. Results and discussion
3.1. Formation of vitusite GCs
The XRD patterns of the heat-treated specimens (Fig. 1) showed
clear peaks corresponding to vitusite crystals only [8]. Thus, vitusite
GCs were formed even after replacing CeO2 with Nd2O3. Phase-fraction
analysis using the GSAS software on the specimen containing 10 wt%
of the internal standard (MgO) indicated that the phase fractions of the
vitusite and MgO crystals were 70.0 ( ± 0.08) and 30.0 ( ± 0.2) wt%,
respectively (Rwp=0.0633 and Rp=0.0442). The mass fractions of the
vitusite crystals and the amorphous phase (excluding the standard)
were estimated to be 25.9 and 74.1 wt%, respectively, using the
following equations:
c s
s s
c= ( )( 100
100−
)gsas
gsas (2)
a = (100 − c) (3)
where c (wt%) and a (wt%) correspond to the crystal and amorphous
phase fractions, respectively, in the specimen, and cgsas (wt%) and sgsas
(wt%) correspond to the phase fractions of the crystals and the
standard material obtained using the GSAS software.
3.2. Analyses of the XANES and EXAFS spectra
The Nd LIII-edge XANES spectra of the Nd2O3 powders, the as-
prepared glass, and the GCs heat-treated at 600 °C and 800 °C are
shown in Fig. 2. All four spectra have similar features, suggesting that
the Nd chemistry in our specimens is similar to that in the Nd2O3
powder. In addition, the edge positions are same in all specimens,
indicating that Nd exists in the form of Nd3+ in the all specimens as it
does in Nd2O3.
The FT LIII-edge EXAFS spectra of Nd
3+ ions in the glass and GC
samples heat-treated at 600 °C and 800 °C are shown in Fig. 3. The
peak positions on the reduced distance scale used in Figs. 3–5 are
smaller than the true interatomic distances due to a phase contribution
in the EXAFS equation. We used a constant value of 0.04 nm following
the general convention [16], even though the value changed slightly for
diﬀerent pairs. A shell centered at a reduced distance of ~0.24 nm is
clearly observed for all the specimens. An additional shell is observed
only for the GCs at ~0.36 nm in the phase-corrected FT. The FT results
were obtained by substituting all possible ﬁrst- and second-neighbor
pairs with Nd. The best ﬁt from among those was selected by
considering the R-factor (a measure of the agreement between the
model and the experimental data [17]) and the physical meanings of
Fig. 1. XRD patterns of the as-prepared glass and GCs after heat treating at 600 °C and
800 °C for 3 h and diﬀraction lines from Na3Nd(PO4)2 (PDF# 38-0058).
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the results. The ﬁtting results indicate that the ﬁrst shell is associated
with the Nd–O pair in the glass (R-factor=0.0056) and GCs (Figs. 4 and
5). The distances between atoms (D), the CNs of the O atoms
surrounding Nd3+, and the Debye–Waller factors (σ2) of the ﬁrst shell
are 0.24–0.25 nm, 6.7–6.9, and ~8×10−4 nm2, respectively (Table 1).
As the heat-treatment temperature increased from 600 °C to 800 °C,
the changes in the distance between Nd and O atoms and the CNs were
all within the experimental error.
Analysis of the second shell was more diﬃcult owing to the weak
signal intensities and complexities of the possible bonding schemes.
The potential second-nearest neighbors of the vitusite crystal
[Na3RE(PO4)2] are Nd–Nd, Nd–Na, and Nd–P. However, the Nd–Nd
distances either reported earlier ( > 0.4 nm) [17–20] or obtained using
the Vesta software (~0.48 nm) are signiﬁcantly longer than the
corresponding distance from the second shell (~0.35 nm) observed in
Fig. 2. Nd LIII-edge XANES of Nd2O3 powder and as-prepared glass and GCs heat-
treated at 600 °C and 800 °C.
Fig. 3. Fourier transform of Nd LIII-edge EXAFS spectrum of (a) as-prepared glass and
GCs heat-treated at (b) 600 °C and (c) 800 °C. Inset: The EXAFS spectra in k-space of the
same specimens.
Fig. 4. Fourier transform of Nd LIII-edge EXAFS spectrum (solid line) obtained with the
as-prepared glass and the results of ﬁtting (circle) for the ﬁrst shell around Nd ions.
Fig. 5. Fourier transform of Nd LIII-edge EXAFS spectrum (solid line) of GCs heat-
treated at 800 °C and the corresponding ﬁtted curve (circle) using Nd–Na and Nd–P
paths for the second shells surrounding Nd ions.
Table 1
Interatomic distances (D) [nm], coordination numbers (CN), and Debye–Waller factors
(σ2) of the ﬁrst shell ﬁtted from the glass and GC specimens.
Specimens D (nm) CN Σ2 (nm)
As prepared glass 0.24 ( ± 0.02) 6.7 ( ± 0.51) 1.8·10−4 ( ± 5·10−5)
Glass ceramics HT 600 °C 0.24 ( ± 0.02) 6.9 ( ± 1.41) 1.8·10−4 ( ± 5·10−5)
HT 800 °C 0.25 ( ± 0.02) 6.9 ( ± 1.31) 1.8·10−4 ( ± 5·10−5)
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Fig. 5. The ﬁtting results (R-factor=0.0244) obtained by considering
the combination of Nd–P and Nd–Na pairs appear to be the most
reasonable (Fig. 5). The distances of the interatomic Nd–P and Nd–Na
pairs obtained by ﬁtting were 0.32 nm and 0.36 nm, respectively. The
values of CN and σ2 were calculated from the ﬁtting in the R-space of
the EXAFS spectra recorded from the GCs heat-treated at 800 °C
(Table 2). The CNs of each pair were determined from the values
obtained from the Vesta software [21] to reduce the ﬁtting variables.
This result clearly indicates that the Nd–O polyhedrons were sur-
rounded by Na and P ions after the vitusite crystals were formed.
3.3. Proposed structural model of vitusite in GCs
The average Nd–O distance in neodymium oxide (Nd2O3) is
0.238 nm, with six CNs of oxygen surrounding Nd3+ [22]. Nd3+ ions
in borosilicate glass are known to be surrounded by approximately
eight non-bridging oxygen atoms with a Nd–O distance (D) of 0.246 (
± 0.003) nm, and no Nd–Nd bonds shorter than 0.4 nm are present
[18]. On the other hand, in phosphate glass, the Nd–O distance is
0.240–0.237 nm, with the CNs varying in the range of 6.4–9 [19].
These values depend on the Nd2O3/P2O5 ratios because isolated Nd
polyhedra are transformed to clustered Nd polyhedra by sharing
oxygen atoms as the Nd2O3/P2O5 ratio increases. Analysis of the
vitusite crystal structure indicates that isolated NdOy polyhedra
(6≤y≤8) are connected to phosphate tetrahedra, with Na+ ions acting
as charge compensators [20]. In this crystal, the CNs of oxygen atoms
surrounding Nd3+ are 6–8, and the interatomic distances of Nd–O and
Nd–Nd pairs are 0.269 nm and 0.465 nm, respectively. A Nd–O
interatomic distance of ~0.24 nm and a CN of ~7 were obtained from
the ﬁrst shell ﬁtting, which matched well with the structure of the
vitusite crystal.
Using the atomic displacement data (.cif ﬁle) obtained from the
crystal structure database of American Mineralogist [23], the vitusite
crystal structure was constructed using the Vesta software [21], and the
results are shown in Fig. 6. Unit cell parameters of a=0.533560 nm,
b=1.867220 nm, and c=1.405460 nm with the space group Pca21 were
used. Edge-sharing Nd2O14 dimers (i.e., NdO8–NdO8) are intercon-
nected by PO4 units with a Nd–Nd distance of 0.48 nm. An average of
6.6 Na+ ions are located approximately 0.35–0.37 nm from the Nd
atoms. The distances of Nd–P pairs are approximately 0.32–0.35 nm
with a CN of 4.4 (Table 3).
The Nd–O distances shown in Fig. 6 are not uniform in nature.
Among the eight O2− ions surrounding Nd3+, six O2− ions are located
0.25 nm from Nd3+, which is in agreement with the value obtained
from the EXAFS ﬁt. The other two oxygen ions are found at a distance
of ~0.28 nm, which corresponds to an edge that is shared with two
NdO8. Because of the presence of two diﬀerent Nd–O distances, the
CNs of oxygen in the ﬁrst shell calculated from the EXAFS spectra are
6.7–6.9 rather than 8.0. Nevertheless, the EXAFS analysis of the
vitusite GC waste forms reasonably reveals the actual structure of the
vitusite crystal.
Sodium ions are essential for the formation of the vitusite crystal as
they act as charge compensators of Nd2O14 dimers. In general, Na
+
ions are evenly distributed throughout the glass to compensate for the
Table 2
Results obtained with the fitting of first and second shells for the specimen heat-treated
at 800 °C.
Atom pairs D (nm) CN σ2 (nm2)
Nd–O pair 0.25 ( ± 0.02) 7.1a 1.4·10–4 ( ± 1·10–5)
Nd–P pair 0.32 ( ± 0.03) 4.4a 2.7·10–4 ( ± 9·10–5)
Nd–Na pair 0.36 ( ± 0.03) 6.6a 2.6·10–4 ( ± 1·10–4)
a Values obtained with the Vesta software [21].
Fig. 6. Representative illustration of the vitusite crystal structure viewed normal to the b–c plane. The NdO8 irregular dodecahedra (gray), P atoms (light purple), and Na atoms (yellow)
are shown.
Table 3
Parameters obtained for the vitusite crystal calculated with the Vesta program.
Nd–O Nd–P Nd–Na
Average interatomic distance (nm) 0.25 0.34 0.37
Eﬀective coordination number 7.1 4.4 6.6
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negative charges of the non-bridging oxygen atoms in the silicate
structure [24]. However, for the precipitation of vitusite crystal to
occur, Nd polyhedra that form during the heat treatment process
require Na+ ions as charge compensators. Therefore, Na+ ions diﬀuse
into the crystalline phases. The appearance of the second shell (Fig. 5)
after crystallization supports the preferential distribution of Na+ near
Nd3+. In addition, this enrichment of Na+(21.4 at%) and P5+(14.3 at%)
ions inside the crystalline phase results in the reduction of their
concentrations in the amorphous phase [8], which can enhance the
chemical durability of GCs because Na+ is known to initiate reactions
with water. It is well known Na+ ions start to exchange with H+(or
H3O
+) ions at the glass surface at the initial stage of corrosion of alkali–
silicate glass [25]. In our GCs, the concentration of Na+ on the surface
(or near the surface) decreased due to the formation of the vitusite
crystal containing a large number of Na+ ions. Therefore, one can
expect higher durability from GCs as compared to pristine glass. A
decrease in the normalized released values for Na+(23.67 g/m2) and
P5+(1.754 g/m2) in the vitusite GCs from the product consistency test
as compared to those of the pristine glass (Na: 25.79 g/m2, P: 20.62 g/
m2) supports this proposition [8].
4. Conclusions
Local environments of Nd ions in vitusite GC waste forms were
analyzed using EXAFS spectroscopy. The results of the best ﬁt of the
EXAFS spectra suggest that the ﬁrst shell corresponds to the Nd–O
pair with an interatomic distance of 0.24 nm and CNs of 6.7–6.9. The
second shell in the GC spectrum is attributed to the combination of
Nd–Na and Nd–P pairs. P5+, Nd3+, and Na+ ions preferentially
accumulated inside the vitusite crystal of the GC waste forms.
Because the crystals are encapsulated in the glass matrix, the leaching
rates of these ions decreased with the formation of the crystals. These
results can be used in the development of new rare-earth waste forms
with high chemical durability.
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